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The effect of arc velocity on cold electrode erosion
Alexei M. Essiptchouk,a) A. Marotta, and Leonid I. Sharakhovskya)
Instituto de Fı´sica ‘‘Gleb Wataghin,’’ Universidade Estadual de Campinas, Unicamp, 13083-970, Campinas,
São Paulo, Brazil
~Received 18 September 2003; accepted 17 December 2003!
Results of experimental investigations of copper cathode erosion in a magnetically driven arc versus
arc rotation velocityv are presented. The erosion rate measurements were carried out with the arc
burning in air, for magnetic induction valuesB in the range of 0.005–0.386 T, axial air gas velocity
of 7.65 ms21, and current of 292 A. It is shown that in the range of small values ofv andB, the
mass erosion rate diminishes withv andB. Then, the erosion remains constant for a certain range
of v andB, and, subsequently, begins to grow. This information is very important for the correct use
of magnetic fields to decrease erosion in arc heaters. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1647562#
I. INTRODUCTION
In electric arc heaters~EAH!, copper electrodes~known
as ‘‘cold’’ electrodes due to their low melting point! are
widely used. Intuitively, in order to avoid their melting and
fast destruction, the time of electrode heating within the arc
spot t5d/v1 is usually reduced by rapidly displacing the
spot. Here,d is the arc spot diameter~in m! andv is the arc
spot velocity~in ms21).
Generally two methods of arc spot displacement are used
to diminish the erosion of the electrode: gas dynamic, i.e.,
application of vortex flow, and electromagnetic, i.e., applica-
tion of an external magnetic field. The velocity of an arc
moving in a gas vortex does not differ significantly from the
gas velocity. Increasing the arc velocity by applying a higher
tangential gas velocity not only diminishes the residence
time of the spot at a given location on the electrode, but also
diminishes the heat flow to the electrode due to the convec-
tion. This occurs because of the radial redistribution of the
gas due to centrifugal force in the vortex. Therefore the cold-
est gas flows near the surface of the electrode, cooling it. In
this case, the erosion rate always decreases with the arc
velocity.1
The influence of the magnetic field on cold electrode
erosion is more complex. The balance between electromag-
netic ~Lorentz! and aerodynamic drag forces determines the
arc velocity~see Essiptchouk2 and references therein!. With a
magnetic field, the difference between the arc and the gas
velocities increases with the magnetic field. Fast arc rotation
relative to the gas produces strong gas disturbances and en-
hanced heat transfer from the arc to the surface of the elec-
trode, which increases the electrode surface temperature. The
main arc spot energy parameters, which determine the arc
spot surface heat fluxq05 jU , are the volt-equivalent of the
arc spot heat fluxU and the effective arc spot current density
j . By definition U[Q0 /I , whereQ0 is total thermal flux
entering to arc spot andI is the arc current. Both the thermal
volt-equivalentU and the effective current densityj ~that
take into account the thermal effect of the arc on the elec-
trode surface! are increasing functions of the magnetic field,
as shown by Marotta,3 and hence can also increase the elec-
trode surface temperature.
Marotta’s thermal model3 shows that the electrode sur-
face temperatureT0 , the arc currentI and the arc spot ve-
locity v are the main determining parameters for cold elec-
trode erosion. The influence of the current on the erosion was
studied in an earlier paper.4 Several authors have measured
erosion as a function of arc velocity for low values of veloc-
ity, and found that the erosion rate decreases with arc
velocity.5–9 However, at arc velocities greater than 150 m/s
this effect has not been previously measured. The purpose of
this work was to obtain data about the specific erosion be-
havior at high arc velocities and verify the prediction of a
thermal erosion model.3 Marotta and Sharakhovsky3 have
theoretically shown that for electric arc heaters with mag-
netic arc rotation, three different erosion tendencies are pos-
sible with increasing arc velocity: the erosion can decrease,
or stabilize at a certain minimum value, or, increase with
velocity. While the first tendency is understandable, the last
is unexpected.
II. EXPERIMENTAL SETUP
To study this phenomenon, we carried out a series of
experiments in which the specific mass erosion rate
g @kg C21# as a function of arc velocityv was studied. The
experiments were carried out in a coaxial experimental setup
equipped with water-cooled commercial copper-ring elec-
trodes~width 5 mm!, placed in an axial magnetic field~see
Fig. 1!. The outer electrode was the cathode, with an inner
diameter of 40 mm. It was isolated from the adjacent parts of
the setup by thermal- and electro-insulating spacers. Under
the action of the Lorentz force, the arc was moved in the 3
mm interelectrode gap. The working gas was air, operated
with a pressure close to one atmosphere. It was supplied in
the axial direction without vortex flow. A mechanical system
a!Permanent address: The Luikov Heat and Mass Transfer Institute, P.
Brovki Street, 15, 220072, Minsk, Republic of Belarus
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was used for arc ignition. This allowed for uninterrupted data
acquisition, which started simultaneously with ignition.
The investigated cathode was placed inside a water-
cooled ring jacket, embracing the cathode ring insert at its
outer diameter. The experiments were made with a cathode
ring thickness of 10 mm~outer ring diameter of 60 mm!.
During arcing, the gas and water-cooling flow rates were
maintained constant at 120 l min21 and 4.4 l min21, respec-
tively. The axial gas velocity in the interelectrode gap was
7.6 ms21. After eachDt510 min arc experiment, the cath-
ode ring insert was extracted from the cooled jacket and
weighed to obtain the mass lostDm and the cathode average
mass erosion rateG5Dm/Dt(kg s21) or specific erosion
rateg5G/I (kg C21).
Usually, the velocity of the arc rotation is measured op-
tically, using a photodiode, based on the frequency at which
the radiated light appeared, as emitted by the arc from the
certain point of the interelectrode gap. However, in this
work, the rotational arc velocityv was measured with a mag-
netic probe, consisting of single-loop chromel–alumel ther-
mocouple wires placed side-on in the cathode at 1–2.5 mm
from the internal electrode surface. The arc current flowing
to the cathode divides into two flows with opposite directions
in the cathode body at the arc spot, as shown in Fig. 2. Each
current generates its own magnetic fieldBW , the direction of
which depends on current orientation. At the arc spot, the
vectorBW changes direction abruptly, which induces an emf in
the thermocouple circuit. The current within the arc also in-
duces a magnetic field in the thermocouple loop, but with
negligible contribution.
The arc spot dimension on the copper electrode is much
smaller~approximately 1 mm at 1 kA current! han the elec-
trode diameter~42 mm in the present case!. Thus, the veloc-
ity of the magnetic field variation dB/dt reaches high values,
that induce sufficient voltage to be registered. Each time the
arc passed near the thermocouple position, an alternating
voltage was induced and added to the thermocouple voltage
@see Fig. 3~a!#, whose fast Fourier transform@Fig. 3~b!# gave
the arc rotation frequency and, hence, the arc velocityv. The
FIG. 1. Experimental setup.
FIG. 2. Magnetic probe operating principle, showing the current and mag-
netic fieldB directions.
FIG. 3. Typical signals~a! produced by a thermocouple with peaks induced
by the passing arc, and~b! fast Fourier transformation of signal.
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method was checked by comparison with the optical method
and the results of the two measurements agreed with each
other.
Moreover, by adding the two signals with inverted signs
of induced emf, obtained from two thermocouples installed
on the opposite sides of the cathode, it was possible to obtain
the steady-state cathode temperatureT0 . BesidesT0 andv,
we also measured the arc currentI , the arc voltageV, and
the magnetic fieldB.
In the experiments, a constant arc current of 290 A was
maintained and the arc velocity was varied from 6 to
320 ms21 via variation of the magnetic field from 0.005 to
0.386 T. The rotational arc velocityv (ms21) in a magneti-




whereI ~in A! is the current,B ~in T! is the magnetic field,
r0 ~in kg m
23) is the free stream gas density,w5(1
1va)
211va andva ~in ms
21) is the axial gas velocity in the
interelectrode gap.
Thus, for a given gas and constant current,v depends
only on B and va . Szente
5 shows that variation of the arc
velocity only by variation in the composition of the plasma-
forming gas~even with constant magnetic field! substantially
influences the value of the electrode erosion rate. In order to
emphasize the influence of velocity on the erosion rate and
diminish the number of variable parameters, the axial gas
velocity of va57.65 ms
21, the cooling water flow rate of
Gw54.4 L min
21, and the arching time of 10 min were
maintained constant during the experiments.
III. RESULTS
Figure 4 ~authors’ data! shows the specific erosion re-
sults forg versus the measured arc spot velocityv. The most
of data about the specific erosion behavior was obtained at
high arc velocities. Obtaining data at low arc velocities was
not important, and hence only two points were acquired.
Figure 4 shows that there is a range of optimum arc spot
velocities ~between 20 to 150 ms21), in which minimum
electrode erosion was found, as predicted by the model.3 One
will observe that below aboutv520 ms21, erosion de-
creased with increasingv; abovev5150 ms21, the erosion
increased. It should be noted that the range of optimum ve-
locities obtained corresponded only to a particular case and
depended on the operational characteristics of the experi-
mental installation. Alternations in the effectiveness of water
cooling can change this optimal interval.10
Figure 5 shows the measured arc velocityv versus mag-
netic field B ~open circles! and the theoretically calculated
function v(B), using formula~1! ~solid line!. The scattering
in the velocity data at high magnetic fields may possibly be
due to the high erosion perturbing the arc motion.
The effect of magnetic fieldB and arc velocityv on the
cathode surface temperatureT0 is shown in Fig. 6. Notwith-
standing the fact that all the parameters~i.e., magnetic field,
current, axial gas flow rate, cooling water flow rate, etc.!
were constant during the 10 min arc experiment, the arc ve-
locity varied with arcing time as shown in Fig. 7.
IV. DISCUSSION
Erosion was minimal when the magnetic fieldB is in the
range from 0.01 to 0.13 T~corresponding to an arc velocityv
in the range 20– 150 ms21 for our working conditions!. In
this case, we found that forB,0.01 T, the operating regime
in our installation~with air as the plasma gas!, was not stable
and we obtained only two experimental points. In EAHs with
magnetically driven arcs, the arc motion is controlled not
only by the Lorentz and aerodynamic forces, but also by an
arc-electrode ‘‘friction-type’’ force that depends on the thick-
ness of the surface films~oxides, nitrides, erosion products,
etc.!, formed on electrode surfaces.6 Due to the relatively
high arcing time, thick oxide films were observed on the
electrode surfaces. The stability of Cu2O ~see Guile
11 and
references therein! decreases at 250 °C, and above this tem-
perature CuO ~formed by decomposition, Cu2O→CuO
1Cu) is the more stable form. The copper generated during
this process may form conducting channels through the ox-
ide films that contribute to changes in the character of the arc
motion. A thin film increases the mobility of the cathode spot
~the motion tends towards continuous motion! while a thick
film, just as a clean surface, leads to stepwise motion, with
irregular stops.12 Thus, in our experiments, the ‘‘friction-
type’’ force for low magnetic fields was strong enough to
FIG. 4. Specific mass erosion rateg versus arc velocityv. Lines, theoretical
prediction of erosion rate for different cathode surface temperatures.
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counteract the reduced Lorentz force and provoked arc stop-
ping, high erosion rates, and even electrode destruction.
Figure 4 also contains previous results from other au-
thors for low velocities. In the experiment which used a mix-
ture of argon and nitrogen and arc currentI 5100 A, the arc
velocity was varied through the variation of the nitrogen con-
centration in the argon. Two magnetic fields were used,B
5531023 T for the points withg.831029 kg C21 and
B51021 T for the remaining points.6 The points obtained7
with pure nitrogen andI 5100 A had used a magnetic field
which varied from 5.131023 to 0.171 T.
Figure 4 also shows points from Harry obtained forI
5200 A and a magnetic field which varied from 0.1 to 0.35
T. Unfortunately, neither Harry nor others provide data for
erosion at higher velocities. Points from Anshakovet al.9
were obtained with pure vortex displacement of the arc spot
without any magnetic field. They agree qualitatively with the
other data and were obtained at very low arc velocities~from
3 to 12 ms21). Adding a magnetic field to their experimental
setup, Anshakovet al. only observed an increase in erosion.
The existence of optimal arc velocities for minimum ero-
sion, as shown by Fig. 4, was theoretically predicted3 but
never experimentally confirmed. As previously mentioned,
for I 5const,va57.65 ms
21 and for the same gas, the arc
velocity v depends only onB. In order to obtain the theoret-
ical curve of erosion rate versus arc velocityg5 f (v) we
represent all parameters as functions of magnetic fieldB. In
accordance with the thermal erosion model,3 g (kg C21) is





where g0 is the minimum erosion rate, here taken as con-
stant,W( f ) is the nondimensional erosion energy, given by
the approximate expression3
W'W8512 f S 7.132.4751 f 1 0.4420.041 f 21.477D , ~3!
he f is the effective erosion enthalpy andf is a dimensionless
parameter characterizing the fusion zone extent in the arc






whereTf , l and a are the fusion temperature, the thermal
conductivity and the thermal diffusivity of the cathode ma-
terial, respectively. We have taken for copperTf51356 K,
and the mean values~at T5700 K) l5377 W m21 K21 and
a51024 m2 s21. We observe from ~2! that UW5(g
2g0)he f , i.e., UW is a linear function ofg. By plotting
UW, calculated from the experimental data, as a function of
the experimentally measuredg, it is possible to obtain the
main erosion parameters,g0 and he f . From the present ex-
FIG. 5. Arc velocityv versusB. The line corresponds to calculations ac-
cording to Eq.~1!.
FIG. 6. Temperature of the cathode surfaceT0 versus~a! magnetic fieldB
and~b! arc velocityv. The solid lines correspond to Eq.~7!. The dashed and
dotted lines correspond, respectively, toT06DT, whereDT545 K is the
standard deviation.
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perimental setup, we obtained the minimal erosion rateg0
52.131029 kg C21 and the effective enthalpyhe f
536 MJ kg21. These values differ somewhat from values
obtained earlier by Marotta3 (g053310
29 kg C21 and he f
566 MJ kg21), where a different copper material may have
been used. For calculatingf , we have to obtain a thermal
volt-equivalentU(B) and the effective arc spot current den-
sity j (B). For this purpose, we resorted to the empirical
dependencies for copper cathodes in air
U56.5214.28B, ~5!
taken from Marotta,3 for air (U in volts andB in Tesla! and
j 52.4221.59 expS 2 B0.165D3109, ~6!
taken from Essiptchouk13 ( j in A m22 andB in Tesla!.
The analysis of the dependence of the cathode surface
temperatureT0 on B andv shows some better linear fitting
for the functionT0(B) than for T0(v) ~correlation coeffi-
cients R50.78 andR50.77, respectively!. So, for our ex-
perimental conditions we take the linear dependence for
T0(B) @see Fig. 6~a!# as
T055451383B, ~7!
whereT0 is in K andB in T. By substituting Eq.~1! into Eq.
~7!, T0(v) was calculated and is shown in Fig. 6~b!. Taking
into account the large spread of measured temperatures~se
Fig. 6!, we calculated theoretical curves ofT0(v) andT0(B)
assuming a standard deviation ofDT0545 K as the tempera-
ture variation range. Thus, we can calculate the central the-
oretical curveg5 f (v) and the two boundary curves. These
three theoretical curves ofg5 f (v) are shown in Fig. 4.
It is important to note that during experiments of 10 min
duration, where it might be expected that all parameters
would be relatively constant~i.e., with only small fluctuation
inside statistical limits!, a systematic and continuous varia-
tion of the parameters was observed. For example, the ex-
perimental results show that the arc velocity varies with time
~see Fig. 7!. This can be explained by the variation of the
conditions on the electrode surface during the experiment. In
the beginning, when the electrode surface is clean, the arc
moves with higher velocity and the spot movement can be
treated as continuous. With time, oxides start to appear on
the surface~and were observed visually after the experi-
ment!, and disturb the spot movement. This phenomenon
was more clearly observed at high velocities in the high ero-
sion regime.
Figure 7 clearly presents the arc rotation frequency as a
function of time. It may be seen that the frequency of the arc
rotation was approximately constant during the first 80–90
seconds of arcing. After this time, the frequency suddenly
diminished by approximately 20% of the initial value, and
then increased slowly over the next 500 s by about 10%. Due
to high erosion, the interelectrode gap increased. As the gas
flow rate was kept constant, the axial gas velocity diminished
and the arc velocity increased@see Eq.~1!#. In the theoretical
calculations ofg(v) the mean values of the arc velocity was
used.
V. CONCLUSION
It has been experimentally shown that there is an opti-
mum range of velocities~or magnetic field values! for mini-
mum cold electrode erosion in a magnetically driven, rotat-
ing arc, as earlier predicted by an erosion model. These
optimum arc velocities were found in the range
20– 150 ms21, which corresponds to magnetic fields in the
range 0.01–0.13 T.
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